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(57) ABSTRACT

A near-IR laser laser-and-corner cube system for determining
the refractive-index structure parameter by providing the
return power of the retroretlected laser beam from the corner
cube, which return power correlates to the refractive-index
structure parameter. The system 1s economical, physically
containing only (1) the laser which emits a near-IR wave-
length output beam, (2) a 50/50 splitter, to recerve back the
retroreflected return beam from the corner cube along the
same optical axis as the output beam, 1n a monostatic con-
figuration; (3) the target corner cube; (4) a receiving focus

lens; (5) a spectral filter and (6) a power meter to provide the
monostatic measurement of the return power. Critically the
ratio of the area of the corner cube to that of the recerving
focus lens 1s at least 1:2, to obtain meaningiul power mea-
surements—to correlate to pre-calculated refractive-index
structure parameters.
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LASER AND CORNER CUBE
REFRACTIVE-INDEX STRUCTURE
PARAMETER SYSTEM

FEDERAL RESEARCH STATEMENT

The inventions described herein may be manufactured,
used and licensed by, or for the U.S. Government, for U.S.
Government purposes.

BACKGROUND OF INVENTION

1. Field of the Invention

The present mvention relates to a method for determining,
optical turbulence, as measured by the refractive-index struc-
ture parameter, of the atmosphere along a beam propagation
path using a simple laser and corner cube system and more
particularly such a system mvolving a particularly sized
receiver and corner cube combination.

2. Related Art

A laser beam propagating through the atmosphere encoun-
ters random refractive-index fluctuations. These random fluc-
tuations are oiten referred to as optical or atmospheric turbu-
lence. Such turbulence 1n the surface layer of the atmosphere,
extending upward from the ground to a few tens of meters, 1s
unstable 1f heat 1s rising from the ground, as 1s common
during sunshine where the rising heat adds to the turbulence.
The surface layer 1s more stable 1f the ground 1s cooler than
the air, so that heat 1s transterred downward, as 1s common at
night and such stability tends to damp turbulence. The surface
layer 1s near neutral 1f wind shear alone produces almost all of
the turbulence, whereas the heat transier between ground and
air 1s not eflective 1 producing or damping turbulence—
which condition typically occurs when the wind 1s strong
and/or solar radiation 1s weak.

Optical or atmospheric turbulence cause scintillation or
twinkling of distant light sources. The strength of this turbu-
lence that produces scintillation is represented by the refrac-
tive-index structure parameter, which is denoted by C,*. In
particular, this parameter, C, ~° reflects the optical turbulence
impacting a laser beam’s characteristics as 1t 1s transmitted
through a particular region. As aresult, measurement of atmo-
spheric parameters to describe the optical turbulence to which
a laser beam 1s subjected as 1t propagates during field experi-
ments 1s critical for understanding and predicting the atmo-
spheric effects on the optical wave.

A variety of in situ techniques are known for measuring
atmospheric fluxes, including using a sonic anemometer or
performing indirect-dissipation measurements using a fine
wire thermometer and hot-film anemometers. These prior art
methods, however, require excessive capture, processing, and
analysis of high data rates. Also, the istruments are not
particularly rugged. For example, fine-wire thermometers are
subject to hygroscopic-particle contamination. And, finally,
such 1n situ measurement of fluxes at a single point yields
point measurements of fluxes which are extremely location
dependent. Movement from one location to another produces
different readings. To obtain more general readings, for
example as part of an ecological or air quality study, 1t 1s
required to take measurements at a large number of points and
to average the resultant data, making the overall collection of
data rather cumbersome.

To overcome such prior art problems, U.S. Pat. No. 3,150,
171 discloses a method of dertving the refractive-index struc-
ture parameter using a scintillometer, which includes a laser
light source and a detector aligned to recerve light from the
laser light source through the atmosphere. A source of 1nco-
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2

herent light 1s aligned with a second detector. One detector
circuit measures tluctuations in itensity of the light recerved
from the laser light source; while, a second detector circuit
measures fluctuations in intensity of the recerved incoherent
light. The mnner scale of turbulence 1s obtained from a ratio of
the two measured variances. With the known inner scale of
turbulence, the system utilizes a processor to derive the
refractive-index structure parameter from the measured vari-
ances of itensity.

While the scintillometer of U.S. Pat. No. 5,150,171 does
overcome some of the problems of the prior art, 1t 1s complex
and necessitates the use of expensive equipment; such that
there 1s a need 1n the art for a simpler and more cost effective
means of measuring C ~.

SUMMARY OF INVENTION

As alaser beam propagates the path from the transmuitter to
the target and back to the recerver, the beam encounters ran-
dom fluctuations 1n the refractive index of the atmosphere,
due primarily to temperature differences, as discussed above.
Such refractive index fluctuations distort the beam’s wave-
front, resulting 1n a number of effects including spreading of
the beam beyond that which occurs 1n free-space propagation,
beam wander, and irradiance fluctuations due to random
redistribution of energy 1n the beam. The beam spreading and
irradiance fluctuations typically reduce the energy that is
incident on the target and subsequently returned to the receiv-
ing aperture. As a result, atmospheric turbulence 1s a key
consideration 1n returned power predictions.

The distortion of the beam 1s, as stated, dependent upon the
strength of the atmospheric turbulence and 1s a function of
wavelength. The Rytov variance (0,°) is a known measure
used to define the strength of atmospheric turbulence (see, F.
S. Vetelino, et al., “Characterizing the propagation path 1n

moderate to strong turbulence,” Appl. Opt. 45, 3534-3543
(2006)). The Rytov variance 1s:

UR2:1-23 CHEkWEZlUE

(1)

where C, ~ is the refractive-index structure parameter and z is
the total propagation distance. For spherical and plane waves,
the weak function regime is classified by o,~ much less than
1, moderate by 0,° approximately 1, and strong by 0,* much
greater than 1. Further, for a Gaussian-beam wave, the weak
regime has the added condition for o, > °<1, where "=2z/kW?>
and 1s evaluated at the receiver (see, L. C. Andrews and R. L.
Phillips, “Weak and strong fluctuations conditions™ 1n Laser
Beam Propagation through Random Media, SPIE Press, Bell-
ingham, Wash., pp. 140-141 (2005).

Based upon the extended Huygens-Fresnel equation (see,
L. C. Andrews and R. L. Phillips, “Extended Huygens-
Fresnel Principle” in Laser Beam Propagation through Ran-
dom Media, SPIE Press, Bellingham, Wash., pp. 234-241
(20035), as shown 1n the paper “Atmospheric-turbulence-ei-
fects correction factors for laser range equation”, by W. P.
Cole, et. al., Opt. Eng. 47(12), pp. 126001-4 to 126001-5,
(December 2008), incorporated herein by reference, where
the beam propagation distance 1s much less than the propa-
gation distance which the transverse coherent radium of the
beam 1s onthe order of the inner scale, the mean 1rradiance for
strong fluctuation conditions can be approximated by a Gaus-
s1an function with an efiective beam spread 1n the form of a
long-term beam radius (W ), where:

W, ~W-(1+1.63-05'%")" (2)
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The use of such a long-term beam radius 1n these calculations
1s necessary for useful return power predictions due to the
significant uncertainty associated with an imndividual return-
power measurement.

As detailed 1n W. P. Cole, et. al., Opt. Engrg. 47(12), page
126001-5, a corrective term that accounts for differences 1n
receiving power due to beam spread on a circular optic and
receiver combination 1s:

T

frirb

=[1-exp(=2r, /W, AV [1-exp(-2r_ /W, )]

rec

(3)
where r,__ 1s the radius of the recerving aperture and W, - 1s
evaluated at z=2R.

For a retroreflective circular optic, the beam radius of the
retroretlected beam at the recerver, W __ _, 1s obtained by using
the first minimum of the beam’s Airy diffraction pattern,
which accounts for 84% of the total energy of the beam. With
this definition for the beam spot radius, the beam radius at the

receiver for small angles 1s:

W, ool 22RND

red

(4)

where D, 1s the diameter of the target aperture and A 1s the
wavelength of the beam.

The present invention determines the path-averaged refrac-
tive-index structure parameter, C, >, of the atmosphere along
a laser’s path through the atmosphere by measuring the full
power returned, P, to a receiving aperture using a laser-and-
corner-cube system, where the laser beam 1s propagated to
and from a target and, the current invention measures the
return power of the laser beam to determine the C,°. The
relationship between full power returned and C,* is not
straightforward—but has been determined by the correlation
of predicted return power 1n the absence of optical turbulence,
P , against that of the expected return power at various C, ~.

Experimental results of use of the present invention pro-
vide a surprisingly good correlation to the theoretic determi-
nation of return power, which 1s calculated by the a general
form of the laser range equation, derived from basic geomet-
ric principles, with the addition of a turbulence correction
tactor, T, ., detailed below, (see C. Cooke, J. Cermius, and A.
J. LaRocca, “Ranging, Communications, and Simulation
Systems,” 1n The Infrared Handbook, W. L. Wolfe and G. .
Z1ss1s, eds. (IRIA Center, Environmental Research Institute
of Michigan, for the Office of Naval Research, Dept. of the
Navy, 1985), Chap. 23, p 23-6; and also see, O. Steinvall,
“Filects of target shape and reﬂectlon on laser radar cross
sections,” Appl. Opt. 39, 4381-4391 (2000)—documents
which are imncorporated herein by reference):

far

PF:((PEHSEY‘PS}IHFE’D2F€C)/BT2R4) Urar a TT Tre-:': T

Where P, 1s the return power; P, . 1s the power of the laser;
Pjape 18 @ Tactor to account for the ditferences between the
transmitted beam shape’s 1rradiance profile and an equivalent
beam with a uniform 1rradiance (for a typical laser operating
in the lowest-order Gaussian mode, P, =2); D, . 1s the
diameter of the receiver; 015 1.7 milli-radlansj which 1s the
divergence angle for particularly preferred near IR lasers
applicable for the present invention; R 1s the laser-transmitter-
to-target range, 1.e. distance (which can vary from about 300
to about 5000 meters, preferably about 500 to about 2000
meters); o, .1s the optical cross section of the target; T 1s the
atmospheric transmission at a particular wavelength (which if
perfect 1s 1, but, 1s 1n fact always less than 1, and in the case
of the particular preferred laser wavelengths, such as 1064
nm, 1s about 0.975); T -1s a transmuitter factor, which accounts
tor the optics ell

(3)

ects between the laser and target retransmis-
s1on (in the present systems, this factor 1s approximately 1);
T . 1s a transmission factor, which accounts for the return
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4

beam from the receiver (once again, in the present systems,
this factor 1s approximately 1) and Tmb 1S a corrective term
that accounts for differences in recerving power due to beam
spread on a circular optic recerver (as discussed above).

The present invention 1s embodied within a laser-and-cor-
ner cube system, which system includes, preferably a near-IR
laser having high transmission through the atmosphere,
which laser has a TEM,,, mode to maximize the uniformity of
the laser’s impact on the target and thereby maximizes return
power; a 90/10 beam splitter can be provided as a means to
monitor the output beam; a 50/50 beam splitter provides a
means to emit a 50% output laser beam toward the target (the
other 50% going to a beam dump) and also to allow for
monostatic measurement of the return power; and, a target
corner cube accepts the output beam and provide a retrore-
flected return beam with known diffraction characteristics.
The retroretlected return beam hits the 50/50 beam splitter,
whereupon half 1s again dumped to the beam dump, and the
other half, the half of interest for measuring the return power
from the target corner cube, 1s channeled through a receiving
or focus lens, to a spectral filter and return power meter. So, a
particular embodiment would be such that, for example, a 400
W TEM,, laser output beam would mitially impact the 90/10
splitter, 10% or 40 W being diverted to a focusing lens and
output power monitoring meter; the balanced, 90% or 360 W,
1s directed to the 50/50 beam splitter, where 180 W would be
directed to a beam dump and 180 W exit the laser to impact
and be retroreflected by the target corner cube, as a return
beam. The retroretlected return beam (now less that 180 W)
would impact the 50/50 splitter, again 50% (now less than 90
W) going to a beam dump and 50% going to a receiving or
focus lens, then to a spectral filter and the return power meter.
Surprisingly, 1t has been found that the area of the corner cube
in relation to the receiving or focus lens 1s critical. As detailed
below, experiments where the area of the corner cube to the
receiving lens was 1n the order of 2: 1, respectively, resulted in
a flat return power profile in relation to C, *, such that for half
of the power levels of 1nterest, 1t was impossible to establish
the C, . However, where the area of the corner cube to the
receiving lens was at least 1:2, and preferably 1:3, and most
preferably 1n the order of 1:5 or more, the slope of the return
power to C, * profile had sufficient slope to easily distinguish
changes of C,* with changes of return power.

In alternative embodiments, to control the transmission
beams properties, a half-wave plate followed by a polarizing
beam splitter can be used as a variable attenuator, which
combination 1s often used in optical systems. Also, an exit
mirror can be used to guide the beam to the corner cube target
and an entrance mirror can be used to guide the return beam
to the spectral filter and return beam power meter.

The transmission beams characteristics for a typical 500
meter propagation path include a power variable from 38 to
62 mW, a spot size at the transmitter of 5.5 mm, and a mea-
sured divergence angle (6,) of 1.45x107° rad. In order to
measure the return beam power, the recerving optics included
the beam splitter, mentioned above, that intercepted the ret-
roreflected return beam, a focusing lens, and a narrowband
spectral filter. To prevent distortion of the beam profile, the
various lens should be of optical quality glass—waith surface

flatness of A/10 (A=633 nm) and scratch-dig of 40-20 or
better.

Further features and advantages of the present mvention
will be set forth 1n, or apparent from, the detailed description
of preterred embodiments thereof which follows.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic, not to scale, of the preferred embodi-
ment of the present invention.
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FIG. 2 is a normalized return power function of C,~ for
three different sets of corner-cube (cc) and receiver (rec)

diameter sizes of the present invention, wherein the range to
target 1s approximately 500 meters.

FIG. 3 is a normalized return power function of C,* for
three different sets of corner-cube (cc) and receiver (rec)
diameter sizes of the present invention, wherein the range to
target 1s approximately 773 meters.

FIG. 4 is a normalized return power function of C,” for
three different sets of corner-cube (cc) and recerver (rec)
diameter sizes of the present invention, wherein the range to
target 1s approximately 2000 meters.

FIG. 5 is a normalized return power function of C,~ for
three different sets of corner-cube (cc) and receiver (rec)
diameter sizes of the present invention, wherein the range to
target 1s approximately 5000 meters.

DETAILED DESCRIPTION

Referring to FIG. 1, a preferred embodiment of the subject
invention includes a laser-and-corner cube system, 10,
wherein the laser, 20, 1s a TEM,,, laser which emits a spatial
profile beam, 17, that 1s very nearly Gaussian (greater than
95%) and that does not change as 1t propagates, 1.e. from when
it emerges from the laser right into the far field. Such TEM,,
laser beams can be generated by Nd:YAG lasers available
from Litron Lasers NA, in Bozeman Mont., or CrystralLaser
diode-pumped solid state continuous wave lasers, available
from CrystalLaser, in Reno, Nev. The most preferred laser, 20,
for measurements at ranges of approximately 500 meters 1s
such a continuous laser with a power variable from 38 to 62
mW, a spot size at the transmitter of 5.5 mm, and a measured
divergence angle (6,) of 1.45x107° rad, the wavelength
should preferably be near IR, with a particularly preferred
wavelength of 1064 nm.

Continuing to refer to FIG. 1, preferably a 90/10 beam
splitter, 30, 1s located so as to divert 10% of the laser beam, 13,
to a focusing lens, 40, and output power meter, 50, thereby
providing a means of momitoring the output of the laser, 20. A
50-50 beam splitter, 60, 1s positioned to emit 50% of the laser
beam incident thereon from the laser toward a target, and to
allow for monostatic measurement of the return power (note:
the unused portion of the laser beam 1s channeled to a beam
dump, 95). The target 1s a corner cube, 90, which 1s positioned
to accept the output beam, 17, and provide a retroreflected
return beam, 18, with a known diffraction pattern; which
retroreflected return beam, 18, 1s returned to the 50-50 beam
splitter, which channels the return beam through a second set
of focus lens (1.e. the recerving lens), 18, to a spectral filter and
return power meter, 80. The spectral filter provides necessary
noise reduction, 1.¢. a narrow band spectral filter of other than
the particular wave length of interest emitted by the laser. A
particularly preferred spectral filter 1s available from Thor-
labs, Inc, Newton, N.J., which has a center wavelength of
1064 nm+/-2—the most preferred laser beam wavelength.

As mnitially discussed above, 1t has been found that the area
of the corner cube, 90, 1n relation to the receiving lens, 70, 1s
critical. As detailed herein, experiments where the area of the
corner cube, 90, to the recerving lens, 70, was 1n the order of
2:1, respectively, resulted 1n a flat return power profile 1n
relation to C, °, such that for half of the power levels of
interest, it was impractical to establish the C,>. However,
where the area of the corner cube, 90, to the receiving lens, 70,
was 1n the order of 1:2 to 1:5 or more, the slope of the return
power to C, ~ profile had sufficient slope to easily distinguish
changes of C, * with changes of return power. A particularly

preferred corner cube, 90, torecerving lens, 70, relationship 1s
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6

a 1-cm corner cube and a 2 inch receiving lens. In such a most
preferred embodiment, with the receiving elements consist-
ing of a 2 inch (5 cm) diameter receiving lens, 70, a Coherent
[LM2-Vi1s, silicon optical sensor (RoHS), power head with a
spectral filter combination can be used, available from Coher-
ent Inc, of Santa Clara, Calif.

Using the P, model developed above, a series of experi-
mental measurements were made and the C, > values were
obtained over a range of interest 107'* to 10™'* m™*>. The
measurements were made using the preferred 1064 nm
TEM,,, laser with various size corner cube and receiver area
sizes. For example, a particular P, was measured and C, > was
calculated as follows and then verified against a measurement
using a Scintec model BLS900 Large Aperture Scintillom-
cter, Scintec Corporation, Atlanta/Alpharetta, Ga.: Given/
known values: P,,.,,=0.277 W, P, =2 (beam shape factor
for a uniform beam); D, =0.0508 m; A _ =T D __ */4-cos(m/
4) (effective receiver aperature); o, =134,606-m>/sr (SLCT
measurement); T _=0.97 (HELEEOS estimate for particular
testing conditions); 6,=1.7x107° rad; D, =0.0254 m; R=773

m; T,=0.95 (effective laser power measured alter beam split-
ter); T, =(0.68) (0.984) (0.7) (0.95)=0.445 (considering
beam splitter, focusing lens, and spectral filter transmissions,
and the reflectivity of the entrance mirror, respectively); and
A=1064x10" m.

Calculation of P,: Providing a series of C, * values—such
as C,*=7.74x10""* m~*7, the following calculation was
made:

W, =(1.22)RWD, ;

rec Lexr?

"=2z/kw, > (where z=(2)(773)=1546 m, the total beam

propagation distance);
0,=(1.23 C, 2k”°-z'1%)°> (again use the total propagation
distance);
W, W, (141.63:0,'7°7)%;
R, _=0.0254 m;
T s [1-exXp(=21,, /W )/ [1-exp(=2r1,,. "W, .7)]0.268;
and
PA((PraserPsnapeD rec) Orar T T T e Trp=14.1 kW
Result: the calculation of P, was confirmed by the scintillom-
eter measurement of C, *=7.74x107"* M~*~ and 14.3 pW.
The series of experiments or examination of results from
the model, using laser-and-corner-cube systems of the
present invention, mentioned above provided the results
shown 1n the graphs of FIGS. 2, 3, 4 and 5—the results of
which were verified as being accurate for the experiments
using the Scintec model BLS900 Large Aperture Scintillom-
cter. Measurements were made at a propagation distances, 1.¢.
spacing between the laser and target corner cube, of respec-
tively, 500 meters (FI1G. 2); 773 meters (FIG. 3); while exami-
nation of results using the model were conducted at 2000
meters (FI1G. 4); and 5000 meters (FIG. 5). The measurements
were all made under comparable ambient conditions and at
cach distance using three particular corner cube to recerver
proportionality areas—i.e. (1) a 2 inch corner cube to a 1 inch
receiver (2:1); (11) a 1 inch corner cube to a 2 inch receiver
(1:2); and (111) a 1 cm corner cube to a 2 inch recerver (1:5). As
clearly shown 1n FIG. 2, the slope of the 1:1 corner cube to
receiver area 1s such that there 1s little sensitivity to distin-

guish C, > over the upper half of the desired C, * range, 10™"°
to 107!, which is not the case for the either the 1:2 or 1:5
relative corner cube to receiver area combinations. This lack
of sensitivity and C,* measurement ability becomes signifi-
cantly worse as the propagation distance increase—such that
in the case of either the 2000 or 5000 m measurements, it 1s
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impossible to use the 2:1 comer cube to receive area combi-
nation for any C, > measurement over the entire 10~ to 107"~
C, ” range of interest.

It 1s clear to anyone of ordinary skill in the art, that a
complete series of graphs similar to FIGS. 2 to 5 can be
calculated and verified, such that by simply comparing the
return power at any given distance of propagation, the C, ~
corresponding C,* value could be obtained. Alternately, it
would be well within the skill of anyone of ordinary skill in
the art, to stmply interface the output of the receiver spectral
filter/power meter to a general purpose computer, to calculate
the C,* from the return power.

Although the mvention has been described above 1n rela-
tion to preferred embodiments thereot, it will be understood
by those skilled 1n the art that variations and modifications
can be elfected i1n these preferred embodiments without
departing from the scope and spirit of the mvention.

What 1s claimed 1s:

1. A laser and comner cube system for determining the
refractive-index structure parameter, the system comprising;:

a laser which emits a near-IR wavelength output beam, a

50/50 splitter, and a return meter subsystem:;

a target corner cube, which is located a distance of from

about 300 to about 5000 meters from the laser:

the near IR wavelength beam 1s directed to the 50/50 split-

ter, where 50% 1s directed to a beam dump, and the
balance of the near-IR wavelength beam 1s directed to
the target corner cube, such that the retroreflected return
beam from the corner cube will be received along the
same optical axis 1n a monostatic configuration;

the return beam will impact the 50/50 splitter, which redi-

rects 50% thereot through a receiving focusing lens, to a
spectral filter, and then to a power meter resulting 1n
monostatic measurement of the return power;

wherein, the ratio of the area of the corner cube to that of

the recerving focus lens 1s at least 1:2; and

means to correlate the return power measurement to obtain

the refractive-index structure parameter.

2. The laser and corner cube system for determining the
refractive-index structure parameter of claim 1, wherein the
laser emits a TEM,,, beam.
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3. The laser and comer cube system for determining the
refractive-index structure parameter of claim 1, wherein the
near-IR wavelength output beam iitially Is directed to a
90/10 splitter, such that 10% of the output beam, an output
measurement beam, 1s directed to an output power meter
subsystem, which comprises a first focusing lens and to an
output meter in order to monitor the true output power of the
system; and such that the 90% balance of the output beam 1s
directed to the 50/50 splitter.

4. The laser and corner cube system for determiming the
refractive-index structure parameter of claim 1, wherein the
wherein, the ratio of the area of the corner cube to that of the
receiving focus lens 1s at least 1:3.

5. The laser and comer cube system for determining the
refractive-index structure parameter of claim 1, wherein the
wherein, the ratio of the area of the corner cube to that of the
receiving focus lens 1s 1 the order of 1:5 or more.

6. The laser and comer cube system for determining the
refractive-index structure parameter of claim 1, wherein the
near-IR wavelength output beam initially Is directed to a
half-wave plate and wherein the 50/50 splitter 1s a polarizing
beam splitter.

7. The laser and corner cube system for determiming the
refractive-index structure parameter of claim 1, wherein the
means to correlate the return power measurement to obtain
the refractive-index structure parameter 1s to compare the
return power measurement to a pre-calculated graph relating
return power measurement to refractive-index structure
parameter for the particular distance between the laser and
corner cube.

8. The laser and corner cube system for determiming the
refractive-index structure parameter of claim 1, wherein the
means to correlate the return power measurement to obtain
the refractive-index structure parameter 1s to mnput the return
power measurement 1nto a general purpose computer, which
computer then calculates the refractive-index structure
parameter given the distance between the laser and the refrac-
tive-index.
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